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SYNOPSIS
T h e e f f e c t of t h e t h e r m o m e c h a n i c a l t r e a t m e n t f o r t o u g h e n i n g t h e Al-Li-Cu-Me-Zr -. ,
..
a l l o y was i n v e s t i g a t e d u s i n g t h e computer a i d e d i n s t r u m e n t e d C h a r p y i m p a c t t e s t i n g (CAI) s y s t e m . I n a d d i t i o n , t h e t e m p e r a t u r e dependence of t h e t o u g h n e s s of t h i s a l l o y was a l s o i n v e s t i g a t e d . The i n t e r m e d i a t e t h e r m o m e c h a n i c a l t r e a t m e n t o r i g i n a l l y d e v e l o p e d by Rockwell I n t e r n a t i o n a l Co. (RI-ITMT) was proved t o be e f f e c t i v e i n i n c r e a s i n g t h e t o u g h n e s s of t h i s a l l o y . T h e t o u g h n e s s o f t h i s a l l o y i n c r e a s e d w i t h t h e d e c r e a s e o f t h e
t e m p e r a t u r e below room t e m p e r a t u r e . The t o u g h n e s s n e a r room t e m p e r a t u r e a p p e a r e d t o be a f f e c t e d bv low m e l t i n g n o i n t m e t a l s l i k e Na and K.
-.
I. INTRODUCTION
The t o u g h n e s s o f Al-Li-Cu-Me-Zr a l l o v is r e l a t i v e l v low i n comnarison w i t h i t s " " s t r e n g t h . The improvement i n t o u g h n e s s is one of t h e most i m p o r t a n t p r o b l e m f o r t h e p r a c t i c a l u s e o f t h i s a l l o y . The i n t e r g r a n u l a r e m b r i t t l e m e n t c a u s e d by i m p u r i t i e s
(Na, K, Ca e t c ) and hydrogen , and t h e i n t e r g r a n u l a r f r a c t u r e r e l a t e d t o t h e r o u g h p l a n a r s l i p have been proposed as t h e main r e a s o n s f o r t h e low t o u g h n e s s of Al-Li-Cu-
. It i s c o n s i d e r e d t o be more e f f e c t i v e i n p r e v e n t i n g t h e rough p l a n a r s l i p t o s h o r t e n t h e d i s t a n c e of t h e d i s l o c a t i o n p i l e up and d i m i n i s h t h e l o c a l s t r e s s c o n c e n t r a t i o n . The t h e r m o m e c h a n i c a l t r e a t m e n t (TMT) seems t o b e e f f e c t i v e i n a c h i e v i n g t h i s c o n d i t i o n [ 5 ] [ 6 ] . The i n t e r m e d i a t e thermomechanical t r e a t m e n t which was d e v e l o p e d by Rockwell I n t e r n a t i n a l Co. L t d . (RI-ITMT) was modified and a p p l i e d f o r t h e improvement o f t h e t o u g h n e s s of t h e 7075 a l l o y i n o u r l a b o r a t o r y . C o n s e q u e n t l y , t h e m o d i f i e d RI-ITMT was proved t o be e f f e c t i v e i n improving t h e t o u g h n e s s of t h e 7075 a l l o y [ 7 ] .
T h e r e f o r e , t h e e f f e c t i v e n e s s of t h e modified RI-ITMT i n improving t h e t o u g h n e s s of t h e Al-Li-Cu-Mg-Zr a l l o y w a s examined u s i n g t h e computer a i d e d i n s t r u m e n t e d Charpy i m p a c t t e s t i n g (CAI) system [ 8 ] [ 9 ] i n t h i s s t u d y . Then, t h e t e m p e r a t u r e dependence of t h e toughness-of t h i s a l l o y w a s -a i s o i n v e s t i g a t e d .
EXPERIMENTAL PROCEDURE
The The h e a t t r e a t e d m a t e r i a l s were m a c h i n e d i n t o t h e C h a r p y V-notch s p e c i m e n ( s i z e ( 5 5 x 1 0 x 3 ) mm) whose l o n g i t u d i n a l d i r e c t i o n i s e q u i v a l e n t t o t h e r o l l i n g d i r e c t i o n , and t e s t e d by t h e CAI system ( c a p a c i t y : 98 J) u n d e r t h e c o n d i t i o n o f a n i m p a c t v e l o c i t y o f 1.13 m / s a n d a n a d d e d e n e r g y c a p a c i t y o f 7 . 7 5 J . The specimens p r o c e s s e d a c c o r d i n g t o t h e ITMT and c o n v e n t i o n a l p r o c e s s e s w e r e t e s t e d a t b o t h room and l i q u i d n i t r c g e n t e m p e r a t u r e s . I n p a r t i c u l a r , T6 t r e a t e d specimens were t e s t e d a t s e l e c t e d t e m p e r a t u r e s c o v e r i n g t h e t e m p e r a t u r e r a n g e o f 77 t o 573 K. The f r a c t u r e d s u r f a c e w e r e c h a r a c t e r i z e d u s i n g t h e s c a n n i n g e l e c t r o n m i c r o s c o p e . M i c r o s t r u c t u r e s of a l l o y s w e r e c h a r a c t e r i z e d u s i n g t h e o p t i c a l a n d t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e s , The s p e c i m e n s , ( $ 3 x 13 mm) i n s i z e , of T6 a p p l i e d a l l o y s I and I1 were f r a c t u r e d i n t h e Auger s p e c t r a a n a l y z e r a n d a n a l y z e d i n t h e i n -s i t u c o n d i t i o n .
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T a b l e 1 Chemical c o m p o s i t i o n s o f materials (mass %).
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F i g . 1 S c h e m a t i c diagram of e a c h h e a t t r e a t m e n t p r o c e s s conducted i n t h i s s t u d y .
RESULTS AND DISCUSSION
111-1. Toughness of ITMT process applied alloys 1. Results of instrumented Charpy impact test
R e s u l t s o f t h e i n s t r u m e n t e d C h a r p y i m p a c t t e s t on a l l o y s w h e r e t h e ITMT a n d c o n v e n t i o n a l p r o c e s s e s w e r e a p p l i e d -a r e -shown i n F i g . 2 A and B, which i n d i c a t e s t r e n g t h , a r e s m a l l e r t h a n t h a t of t h e a l l o y F. P v a l u e s o f m a l l o y s A a n d D a r e g r e a t e r t h a n t h a t o f t h e a l l o y F. C o n s i d e r i n g t h e combination between s t r e n g t h and t o u g h n e s s ; t h e ITMT p r o c e s s C i s t h e m o s t e f f e c t i v e f o r t h e i m p r o v e m e n t o f t h e t o u g h n e s s o f t h i s a l l o y as shown i n F i g . 3 . I n h i g h e r t o u g h n e s s a l l o y s , t h e t r a n s g r a n u l a r dimple f r a c t u r e was predominant. I n lower t o u g h n e s s a l l o y s , t h e i n t e r g r a n u l a r f r a c t u r e was predomnant. The k i n d of t h e t o u g h n e s s which improved by t h e RI-ITMT p r o c e s s depends on t h e o v e r a g i n g t e m p e r a t u r e d u r i n g t h e ITMT p r o c e s s .
. The s t r e n g t h o f t h e T8 a p p l i e d a l l o y E i n c r e a s e s w i t h o u t t h e d e c r e a s e of t h e t o t a l d e f l e c t i o n Df , w h i c h i n d i c a t e s t h e d u c t i l i t y , i n c o n t r a s t w i t h t h e T6 p r o c e s s a p p l i e d a l l o y F. T h e r e f o r e , an improvement i n t o u g h n e s s w i t h t h e i n c r e a s e o f s t r e n g t h i s p o s s i b l e w i t h t h e T8 p r o c e s s . T o t a l a b s o r b e d e n e r g i e s o f ITMT p r o c e s s a p p l i e d a l l o y s A , B a n d C a r e g r e a t e r t h a n t h a t of t h e a l l o y F. On t h e o t h e r hand, t h e t o t a l a b s o r b e d energy of t h e ITMT p r o c e s s a p p l i e d a l l o y D is s m a l l e r t h a n t h a t of t h e
T h a t i s , t h e i n c r e a s e o f t h e E t v a l u e i n a l l o y s A a n d B w i t h t h e o v e r a g i n g t e m p e r a t u r e 573 K i s a c h i e v e d by t h e c o n s i d e r a b l e i n c r e a s e of t h e En v a l u e . T h e i n c r e a s e o f t h e Et v a l u e i n t h e a l l o y C w i t h t h e o v e r a g i n g t e m p e r a t u r e 673 K i s a c h i e v e d by t h e i n c r e a s e of b o t h Ei and E v a l u e s . P 
F i g . 2 R e s u l t of i n s t r u m e n t e d Charpy impact t e s t a t room t e m p e r a t u r e .
Microstructure E v e r y a l l o y w a s f o u n d t o b e c o m p o s e d o f u n r e c r y s t a l l i z e d g r a i n s by TEM o b s e r v a t i o n s . The a v e r a g e s i z e of t h e u n r e c r y s t a l l i z e d g r a i n o f t h e c o n v e n t i o n a l p r o c e s s a p p l i e d a l l o y was a r o u n d 5 v m . The a v e r a g e s i z e o f t h e u n r e c r y s t a l l i z e d g r a i n s of ITMT a p p l i e d a l l o y s was s m a l l e r t h a n t h a t o f c o n v e n t i o n a l p r o c e s s a p p l i e d a l l o y s . The s m a l l e s t s i z e of u n r e c r y s t a l l i z e d g r a i n was o b s e r v e d t o be a b o u t 1.5Dm on a v e r a g e i n t h e a l l o y C, and t h e l a r g e s t s i z e was o b s e r v e d t o b e a b o u t 2 . 2 U m o n a v e r a g e i n t h e a l l o y D among ITMT -p r o c e s s a p p l i e d a l l o y s . T h e r e f o r e , t h e h i g h e s t t o u g h n e s s v a l u e i s n o t a t t a i n e d u n d e r t h e c o n d i t i o n w h i c h g i v e s t h e f i n e s t g r a i n s i z e . The s i z e o f t h e u n r e c r y s t a l l i z e d g r a i n s l i g h t l y i n c r e a s e d w i t h a n i n c r e a s e i n t i m e of t h e ( r e c r y s t a l l i z a t i o n + s o l u t i o n i z i n g ) t r e a t m e n t . M o r p h o l o g i e s of p r e c i p i t a t e s were d i f f e r e n t among o v e r a g i n g t e m p e r a t u r e s . Cu-rich p r e c i p i t a t e s , w h i c h w e r e a n a l y z e d by t h e EPMA, w e r e o b s e r v e d b o t h o n t h e g r a i n b o u n d a r y o f t h e worked s t r u c t u r e and i n g r a i n s j u s t a f t e r t h e o v e r a g i n g t r e a t m e n t a t 573 K. These p r e c i p i t a t e s were e s t i m a t e d t o be 8 (A12Cu) o r T2(A15Cu3Li) [10][11]. On t h e o t h e r hand, Mg-rich p r e c i p i t a t e s were o b s e r v e d w i t h t h e @ o r T2 p r e c i p i t a t e s b o t h on t h e g r a i n boundary of t h e worked s t r u c t u r e and i n g r a i n s . These p r e c i p i t a t e s w e r e e s t i m a t e d t o be S(Al2CuMg)[l0][12]. 8 o r T p r e c i p i t a t e s remained u n d i s o l v e d i n e v e r y 2 a l l o y even a f t e r t h e f i n a l s o l u t i o n a n d a g i n g t r e a t m e n t . S p r e c i p i t a t e s r e m a i n e d u n d i s o l v e d i n a l l o y C, where t h e f i n a l s o l u t i o n t r e a t m e n t t i m e was s h o r t e r (10 min), a f t e r t h e f i n a l s o l u t i o n and a g i n g t r e a t m e n t . However, t h e s e p r e c i p i t a t e s s c a r c e l y r e m a i n e d i n a l l o y D, w h e r e t h e f i n a l s o l u t i o n t r e a t m e n t t i m e was g t e a t e r (30 min), a f t e r t h e f i n a l s o l u t i o n and a g i n g t r e a t m e n t . The amount of u n d i s o l v e d p r e c i p i t a t e s i n c r e a s e d i n t h e o r d e r o f a l l o y s A , B , C and D. T h e r e f o r e , t h e r e i s a tendency f o r t h e t o u g h n e s s t o i n c r e a s e w i t h t h e i n c r e a s e o f u n d i s o l v e d p r e c i p i t a t e s . T h e s e p r e c i p i t a t e s are c o n s i d e r e d t o i n h i b i t t h e f o r m a t i o n of
t h e rough p l a n a r s l i p , and c o n s e q u e n t l y , d i m i n i s h t h e s t r e s s c o n c e n t r a t i o n t o t h e g r a i n b o u n d a r y a s s c h e m a t i c a l l y e x p l a i n e d i n Fig.4 . T y p i c a l morphologies and L12 d i f f r a c t i o n p a t t e r n s of t h e &'in t h e RI-ITMT and c o n v e n t i o n a l p r o c e s s a p p l i e d a l l o y s a r e shown i n F i g . 5 .
T h e p r e c i p i t a t i o n of t h e 6' on t h e A13Zr is o b s e r v e d i n e v e r y a l l o y s i m i l a r t o t h e o t h e r r e p o r t [13] . I n a d d i t i o n , t h e p r e c i p l t a t l o n of t h e 6'on t h e r e l a t i v e l y c o a r s e C u -r i c h p r e c i p i t a t e , which was a s c e r t a i n e d by t h e EDX a n a l y s i s , was a l s o observed i n t h e a l l o y D i n t h i s s t u d y . 
Low temperature toughness of RI-ITMT process applied alloys
The toughness of tvoical three allovs. that is. conventional orocess aoolied allov
F, ITMT process applied alloys B and D which exhibited the greatest and lowest toughness values respectively, were evaluated at the liquid nitrogen temperature (77 K). Resu.lts are shown in Fig.6 . T;he Et value of the conventional process applied alloy F at the liquid nitrogen temperature increases over twice as much than when at room temperature (RT). On the other hand, the ratio of the Et value of the alloys B and D at the liquid nitrogen temperature to that at RT is from 1.4 to 1.6. Therefore, the improvement ratio of the ITMT process applied alloy is lower than that of the conventional process applied alloy. The increase of the toughness of alloy D at low temperatures, which exhibits higher strength at RT, is considered to be achieved by the increase of strength because the total deflection at low temperatures scarcely increases ( Fig.7; . The increase of the toughness of specimens A and B at low temperatures is achieved by the increase of both strength and deflection. room t e m p e r a t u r e and 77 K.
111-2.
Toughness o f Al-Li-Cu-Mg-Zr a l l o y s 1. T e m p e r a t u r e dependence o f t o u g h n e s s and s t r e n g t h
The t o u g h n e s s and s t r e n g t h of t h e T6 a p p l i e d a l l o y I1 i n t h e t e m p e r a t u r e r a n g e of 77 t o 5 7 3 K w a s i n v e s t i g a t e d i n t h i s s t u d y . The t e m p e r a t u r e dependence of t o u g h n e s s and s t r e n g t h i s shown I n F i g . 8 . I n t h e t e m p e r a t u r e r a n g e of 77 t o RT, t h e t o u g h n e s s a n d s t r e n g t h i n c r e a s e w i t h t h e d e c r e a s e of t e m p e r a t u r e . T h e r e f o r e , t h e i n c r e a s e of t h e t o u g h n e s s i n t h i s t e m p e r a t u r e r a n g e i s c o n s i d e r e d t o b e m a i n l y c a u s e d by t h e i n c r e a s e o f s t r e n g t h . However, t h e t o t a l d e f l e c t i o n a l s o i n c r e a s e d w i t h t h e d e c r e a s e o f t e m p e r a t u r e . I n t h e 7 0 0 0 s e r i e s a l l o y s , t h e t o t a l d e f l e c t i o n d e c r e a s e s c o n s i d e r a b l y b e c a u s e t h e t e n d e n c y o f t h e i n t e r g r a n u l a r f r a c t u r e i n c r e a s e s b u t t h e s t r e n g t h i n c r e a s e s , a n d c o n s e q u e n t l y , t h e t o t a l a b s o r b e d e n e r g y d e c r e a s e s w i t h l o w e r i n g o f t e m p e r a t u r e b e l o w RT [ 1 4 ] . T h e r e f o r e , t h e i n c r e a s e of t h e t o t a l d e f l e c t i o n i n t h i s a l l o y a t low t e m p e r a t u r e s c a n n o t b e i g n o r e d a s a f a c t o r t h a t i m p r o v e s t o u g h n e s s . On t h e o t h e r hand, t h e s t r e n g t h and t o u g h n e s s d e c r e a s e w i t h t h e i n c r e a s e of t h e t e m p e r a t u r e i n t h e t e m p e r a t u r e r a n g e of RT t o 4 2 3 K. The s t r e n g t h d e c r e a s e s f u r t h e r i n t h e t e m p e r a t u r e r a n g e above 4 2 3 K w h i l e t h e t o u g h n e s s i n c r e a s e s c o n s i d e r a b l y . T h e r e f o r e , t h e d y n a m i c s t r e n g t h d e c r e a s e s w i t h t h e i n c r e a s e o f t h e t e m p e r a t u r e i n t h e t e m p e r a t u r e r a n g e where t h e 6' h a v i n g L1 s t r u c t u r e e x i s t s . 
